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Cells initiate a series of signaling reprogramming in response to various 
environmental cues. In response of stress, cells initiate series of rapid changes, induce 
the aggregation of ribonucleoproteins, triggering the arrest of protein translation and 
disassembly of polysomes. Arrested RNA transcripts will be compartmentalized in a 
dense, non-membranous transient structure known as stress granule (SG). Viral 
infection also induces SG-like aggregation and the functional role of this structure still 
obscure. In our previously report, we demonstrated that SG is essential for inducing 
type I IFN in response to IAVΔNS1 infection in a PKR-dependent manner, and 
expression of NS1 protein impaired SG formation, as well as IFN-induction. In this 
study, I further investigated SG formation by various types of RNA and DNA viruses. 
I established an imaging system by using Ras-GAP SH3 domain binding protein-1 
(G3BP1) as an SG probe, for real-time monitoring of virus-induced SG (vSG).  Cells 
infected with RNA and DNA viruses predominantly displayed four distinct types of 
formation patterns: stable formation, transient formation, alternate formation, and no 
formation. I further investigated the role of SGs in response to Encephalomyocarditis 
virus (EMCV) infection, SGs tend to form but dispersed at the later stage of infection 
due to cleavage by EMCV protein 3C protease. Expression of cleavage resistant 
G3BP1 succeeds in restoring the stable formation of SG. EMCV-induced SG 
formation is also mediated through PKR pathway. Interestingly, cleavage resistant 
G3BP1 enhance MDA5-induced type I interferon production at the later stage of 
infection. I further showed that siRNA knockdown of endogenous G3BP1 also 
impaired the activation of IFN-β gene and other chemokines, and hence potentiates 
viral replication. IFN-induction at the initial time point was not affected in both 
EGFP-G3BP1 wild-type and siRNA depletion system, highlighting the critical role of 
SG in EMCV-induced IFN response at the later time phase. My findings suggest the 
indispensable role of SGs as an antiviral platform and define the mechanism on how 
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1.1 Introduction  
 
During the past decades, interferon (IFNs) system has been extensively 
characterized and proven for its indispensable role in mounting the first line defense 
against various types of infectious microbes. Basically we can classify this system into 
two categories—Type I and Type II IFNs system. The family members for Type I 
interferon include interferon alpha/beta superfamily, while the family member for 
Type II interferon include interferon-gamma. These proteins are specifically produced 
by cells after viral infection to inhibit their propagation. In viral infected cells, various 
signaling pathways are being activated, transmitting signals to downstream and further 
activates the specific families of transcription factors such as Interferon Regulatory 
Factors (IRF3, IRF7 etc), ATF2/c-jun, and Nuclear factor kappa-B (NF-κB) for the 
transcription of IFN genes. Secreted IFN-proteins outside the cells will bind to the cell 




another signaling pathway known as Janus kinase-Signal transducer activator of 
transcription, abbreviated as JAK-STATs. This signaling cascade further activates the 
expression of various interferon-stimulating genes (ISGs). These ISGs will in turn 
suppress viral replication through various modes such as RNA degradation and etc.  
 
The underlying mechanism on how all these cytokines and ISGs are being 
produced, aspects ranging from signal transduction to the activation of transcription 
factors, which activates their expression within the nucleus, have always been the 
particular interests of many scientists working in this field. Scientists believe that 
sensors or detectors that could specifically differentiate between the distinct molecular 
structures broadly shared by pathogens and the host cells do exist (Janeway, C.A. 
1989). During the past decades, extensively studies were performed to identify the 
presence of these receptors, which are termed as “pathogen recognition receptors” 
(PRRs). Up to recent date, major PRRs that have been successfully identified include 
Toll-like receptors (TLRs), NOD-like receptors (NLRs), RIG-I-like receptors (RLRs) 
and C-type lectin recrptors (CLRs) (Akira, S et al., 2006). CLRs were reported to 
sense the C-type lectin-like domain, which mainly found in fungus and bacteria, while 
various studies demonstrated that NLRs are mainly responsible for the intracellular 
inflammatory responses (Kawai, T & Akira, S. 2009). TLRs are well known for their 
detection of broad range of pathogens (Kawai, T. & Akira, S. 2010), including both 
bacterial and viruses. However, RIG-I-like receptors are still major sensors for viruses, 
which mainly deliver and replicate inside the cell cytoplasmic region.      
 
In the next section of this chapter, I will briefly describe some of the 




response to viral infection. The significant roles of other PRRs such as NLRs, CLRs 
and TLRs have been reviewed elsewhere (Akira, S. et al. 2006) and will not be 
discussed in detail in this report.    
 
1.2 RIG-I-like receptors and the signaling pathway 
 
The family of RIG-I-like receptors plays an essential role as a sensor in 
detecting cytoplasmic viruses. RLRs recognize the distinct molecular structures which 
commonly found in viral RNA species. RLRs belong to the family of DExH/D box 
RNA helicase, which mainly comprises of three components—RIG-I (Retinoic acid 
inducible gene I); MDA-5 (Melanoma Differentiation Associated Protein 5) and LGP2 
(Laboratory of genetics and physiology 2) (Yoneyama, M. et al. 2004). Schematic 
diagrams (Figure 1.0) indicated that all three RLR family members possess a DEAD 
box RNA helicase domain with ATPase activity. Both the RIG-I and LGP2 share the 
homology of the domain called repressor domain (RD). This domain located within 
the C-terminal region of both components as compared to MDA5. It was 
demonstrated that the repressor domain mainly functions as an “autoregulator”, 
involve in regulating the functions of both RIG-I and LGP2 during quiescent and 
active state. At the N-terminal side, both RIG-I and MDA-5 shared a similar region 
known as Caspase-Recruitment Domain (CARD). However, this domain is not 
identified in another family member LGP2 (Figure 1.0). Various reports have further 
characterized the specificities of each RLR members for various viruses. For example, 
RIG-I specifically recognizes viruses from the family of Orthomyxoviridae, 




strand viruses, mainly from the family of Picornaviridae (Kato, H. et al. 2005; 
Yoneyama, M. et al. 2005; Kato, H. et al. 2006).   
 
Beside their specificity, the underlying mechanisms on how RLR members 
transmit signals were also extensively studied. Under the quiescent state, both RIG-I 
and MDA5 remains in a closed conformation. After viral infection, the repressor 
domain located within the C-terminal domain of these two components could detect 
the presence of triphosphate moieties at the 5’-terminal of viral genomic RNA. These 
tri-phosphate moieties cannot be found in the host mRNA species as they are masked 
by the presence of 5’-capped structure. Hence, RLR members such as RIG-I will 
recognize this structure as the PAMPs, which in turns activates RIG-I, inducing the 
conformational change to an “open” form by releasing the CARD domain (Takahasi, 
K. et al., 2008; Yoneyama, M. & Fujita, T., 2010). The “active open form” of RIG-I 
will form a homotypic CARD-CARD interaction with its downstream signaling 
adaptor called MAVS (also known as IPS-1, CARDIF or VISA) (Kawai, T. et al. 
2005; Meylan, E. et al. 2005; Seth, R.B. et al. 2005; Xu, L.G. et al. 2005). This 
interaction further induced the recruitment of numerous signalling components such as 
TNF receptor-associated death domain (TRADD) (Michallet, M.C. et al. 2008), Fas-
associated death domain (FADD) (Balachandran, S. et al. 2004), TRAF3 and 6, RIP1 
(Saha, S.K. et al. 2006; Yoshida, R. et al. 2008), stimulator of interferon genes 
(STING, also known as MITA, ERIS or MYPS) (Ishikawa, H. & Barber, G.N., 2008; 
Jin, L. et al. 2008; Zeng, W. & Chen, Z., 2008; Zhong, B. et al. 2008; Sun, W. et al. 
2009) and etc. All these components will form a large signaling complex termed 




the IKK canonical complexes, followed by activation of transcription factors such as 
IRF3 and NF-κB to induce the expression if Type I interferon genes (Figure 2.0).    
 
1.3 Interferon inducible proteins 
 
RLR-mediated production of type I interferon in response to viral infection 
will triggered the substantial production of numerous cellular proteins (Der, S.D. et al. 
1998). Since the expression of these proteins can only be triggered by interferon, they 
were all classified as “interferon-inducible proteins”. Numerous studies have indicated 
that these components also play an essential role in host defensive system, 
contributing to suppressing viral infection by targeting at multiple levels. Some of 
these proteins possess functions similar to RLR members, which could recognize 
PAMPs of viruses such as triphosphate or double-stranded RNA structures (dsRNA). 
One of the examples would be a protein known as serine-threonine protein kinase-R 
(PKR) (Clemen, M.J. & Elia, A., 1997). During the quiescent state, cells maintain a 
low expression of PKR. However, the expression was enhanced after viral infection. 
PKR proteins contain a dsRNA-binding domain, after engagement with the ligand 
dsRNA, PKR will be activated through autophosphorylation to exert its antiviral 
functions (Nallagatla, S.R. et al. 2007).  
 
In addition to its antiviral responses, activated form of PKR also known to 
involve in many important cellular functions. Cell initiate series of rapid 
reprogramming in response to various environmental treatments, activating the 
cellular stress response pathway, which is another well-known pathway that involved 




adaptor, eukaryotic translation initiation factor 2-alpha (eIF-2α) for transmitting 
signaling. It would be an interesting topic for us to explore the underlying significance 
of this PKR-mediated cellular stress pathway from the perspective of host defense.   
 
1.4 Stress response pathway and stress granule components   
 
There are high possibility that cells might be exposed to various environmental 
cues such as deprivation of glucose, heat shock or a drastic change in temperature, UV 
radiation, chemical treatment and etc. These types of circumstances might possess a 
danger threat towards the cells. Under such circumstances, cells initiate series of 
reprogramming on their cellular events to protect the host—one of the key pathways is 
the cellular translation machinery. When cells are exposed to such threats, activated 
form of cellular kinases such as Protein Kinase R (PKR), General Control 
Nonrepressed-2 (GCN2), Haemoglobin Regulated Inhibitor (HRI) or Pancreatic 
Endoplasmic Reticulum eIF2-alpha kinase (PERK) will phosphorylate their 
downstream component called eukaryotic initiation factor 2-alpha (eIF2α). The 
activation of eIF2α will further enhances its binding affinity with its substrate termed 
Guanosine Exchange Factor (GEF), and thus, inhibiting the formation reused of 
eIF2α-GTP-Met-tRNAi ternary complexes (TC) by inhibiting the recycling of eIF2α-
GTP complexes back to the on going translation machinery. These phenomena further 
disperse the stable form of polysomes and hence, result in the accumulation of pre-
formed 48S pre-initiation complexes (PIC), followed by the inhibition of cellular 
protein synthesis. Under such circumstances, the translation process of host messenger 




compartmentalized in a dense, non-membranous cellular entity called stress granules 
(SG) (Anderson, P. & Kedersha, N. 2002; Thomas, M.G. et al. 2011).   
 
 The major purpose for cells to initiate such type of reprogramming is to 
prepare the host to adapt to the sudden change of the extracellular environment. The 
stalling of PIC could provides additional time for cells to repair the damages, which 
could eventually lead apoptosis or cell death. Therefore, the transient re-assortment of 
cellular host mRNA inside the stress granule could further protect these naked mRNA 
transcripts from being damaged by the stress. The composition of stress granules 
mainly comprises of the 48S PICs, together with numerous RNA binding proteins 
such as PABP1, a poly(A)-tail binding protein, HuR, an AU-rich binding protein, T-
cell Intracellular antigen-1 (TIA-1/R), Ras-GAP-SH3 binding protein-1 (G3BP1) and 
etc.w (Thomas, M.G. et al. 2011). FRAP analysis further demonstrated that 
components within the stress granules constantly, and rapidly shuttle in and out, either 
back to the cytoplasm, or shuttle to another cytosolic compartment called Processing 
Body (abbreviated as “P-body” or “PB”). P-body is a tiny cytoplasmic foci that is 
well-known for an essential role in mRNA decay. These foci are found to evenly 
distribute throughout the cytoplasm under quiescent state. Under stress response, P-
body foci are recruited and juxtaposition with stress granule (Kedersha, N. et al. 2000; 
Hoyle, N.P. et al. 2007). Since all the aforementioned proteins possess essential roles 
in RNA metabolism, these further highlight the importance of stress granule to serve 
as a multipurpose platform for sorting, remodelling and re-assortment of host mRNA 





 Among the aforementioned proteins, studies revealed that at least two RNA 
binding proteins—both TIA-1/R and G3BP1, play a critical role in stress granule 
formation and assembly. These two components act downstream of eIF2α. Study 
indicated that overexpression of G3BP1 will further induce the oligomerization and 
hence the formation and assembly of stress granule. Activation of G3BP1 also 
requires its phosphorylation. Mutagenesis analysis at the phosphorylation site, amino 
acids position 149 of G3BP1 significantly impaired the formation of stress granule 
(Tourriѐre, H. et al. 2003). As for TIA-1, stress granule formation was completely 
inhibited in TIA-1 deficient MEF cells after arsenite treatment (Gilks, N. et al. 2004). 
However, TIA-1 might not be an essential component for SG formation in response to 
heat shock (Lopez de Silanes, I. et al. 2005; Grousl, T. et al. 2009). These support the 
notion that the nature of stress could be the key to determine the formation and the 
assembly rules of SG.  
 
1.5 Virus-induced stress granule and roles in antiviral   
 
Viral infection is also a phenomenon that could signal the “threat alarm” for 
host cells. Beside interferon and ISGs, cellular stress response pathway is also 
initiated after viral infection. PKR, an interferon-inducible protein, will be activated 
after detecting it’s ligand, dsRNA. As described in Section 1.3, this activated form of 
PKR will phosphorylate its downstream substrate, eIF2α and induces the formation of 
SG. Since the nature of stress is viruses, in this context onwards, the term “virus-





 From the discussion in Section 1.3, the formation cytoplasmic SG, which 
mainly comprise of stalled 48S PICs, could also stalled viral RNAs, preventing the 
continuous translation of viral mRNAs to viral proteins. These eventually suppress 
viral replication through the inhibition of viral protein synthesis. These further shed 
some light on the importance roles of vSG in antiviral. Moreover, we previously 
identified that numerous critical antiviral components such as RLRs, OAS, RNase L 
are being recruited into vSG (Onomoto, K. et al. 2012), further strengthening the 
notion that vSG serve as a vital cellular entity for antiviral. The recruitment of RLRs 
to vSG poses a hypothesis in which these compartments might involve in regulating 
cellular IFN response, either through a direct or indirect manner. Therefore, it is 
tempting to initiate an investigation line to understand the functional roles of vSG 
from the perspective of host innate immune response.   
   
In addition to that, many recent studies revealed that there was active 
bidirectional interaction between viruses and SG. Different types of viruses possess 
different modes or strategies to modulate stress granules formation. Apart from them, 
many reports have concomitantly demonstrated that viruses have evolved various 
strategies to inhibit stress granule formation and/or their assembly (Iseni, F. et al. 
2002; Li, W. et al. 2002; Emara, M.M. & Brinton, M.A. 2007; White, J.P. et al. 2007), 
proposing a notion that vSG formation could interfere the viral replication inside the 
host cells. In this dissertation, there are several objectives. The first aim is to 
understand the mode of cytoplasmic SG formation after infected with both RNA and 
DNA viruses through the development of cell-based fluorescent reporter system, and 




underlying modes of SG modulation by focusing on one virus. Then I will focus on 
understanding whether vSG is critical for host innate immune response and how.  
 
1.6 Primary Research Objectives  
 
The main objectives of this thesis are: 
(i) To examine the general physiological impact on SG formation and its 
modulation by both RNA and DNA viruses.   
(ii) To further understand the underlying modes of SG modulation of one 
specific virus.  
(iii) To examine the functional role of vSG from the perspective of viral 
replication and host innate immune responses.   
















2.1 Characterization of HeLa cells stably expressing SG marker, G3BP1.  
 2.1.1 Homogeneity of G3BP1 expression in all stable clones    
 This project begins with the aim of understanding the mode of SG modulation by 
various types of viruses. To investigate this, I established a cell-based fluorescent 
system by using G3BP1, a well-known stress granule marker as the representative 
of SG formation. However, this experimental system involved the transient 
overexpression of chimerical SG probe tagged with fluorescent protein. Previous 
studies indicated that such system might interfere with the normal cellular 
stoichiometry, resulted in the formation of aberrant structure. Moreover, 
constitutive aggregation of intrinsic SG components could lead to severe halt in 
protein synthesis, resulting in various side effects such as slow cell growth rate, or 
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more severe, cell death or apoptosis (Kedersha, N. et al. 2008; Kharraz, Y. et al. 
2010). Hence, I performed additional experiments to verify the system I 
established. Firstly, to confirm whether the SG-fluorescent labelled chimerical 
cells are displaying normal cellular stoichiometry, several quality control and 
functional assays were performed. I screened out the clones which stably 
expressing EGFP-G3BP1 and G3BP1-pDsRed by using antibiotics and verified 
their expression through confocal microscope. I also examined the expression 
level of these fluorescent proteins by using flow cytometry and sorted out the 
single cells with equal expression level. Results from these two approaches 
indicate that all the selected HeLa stable clones showed homogeneity and high 
expression level at each single cell unit respectively. Most importantly, SG 
formation is not observed under the quiescent state (Figure 3A), suggesting that 
intrinsic stress response pathway within all stable clones was not initiated due to 
artefacts results from overexpression system. For the convenience of my 
subsequent experiment, I have decided to use only the stable clones expressing 
EGFP-G3BP1.  
 
 2.1.2 HeLa EGFP-G3BP1 stable cells responded normally to oxidative stress 
Next, I examined whether all these selected stable clones can behave normally in 
terms of functions. It is well known that arsenite treatment, which is a type of 
oxidative stress, could induced the significant aggregation of G3BP1 to form 
cytoplasmic stress granules. Therefore, this system should also exhibit the similar 
phenotype if they behaved normally. To verify this, immunostaining analysis was 
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performed with all HeLa stable clones treated with arsenite for 1 hour, and GFP 
localization was examined under microscope. Results indicate that all these stable 
clones displayed G3BP1 granules formation after arsenite treatment. Data from 
HeLa clone#12 was chosen as a representative image (Figure 3B). The 
percentage of cells for all clones forming G3BP1 granules was quantified and 
presented in a bar graph as shown in Figure 3C (upper). These results indicate 
that all stable clones responded normally to oxidative stress. 
 
2.1.3  HeLa EGFP-G3BP1 stable clones responded normally to viral infection.  
As demonstrated by our laboratory (Onomoto, K. et al. 2012), viral infection also 
induces the formation of SG. To verify that these stable clones could function 
normally in response to viral infection, all EGFP-G3BP1 stable clones were 
“Mock” treated or infected with IAVNS1 or NDV for 9 hours. Cells were fixed 
and analysed for G3BP1 granule formation under microscope. Results indicate 
that all selected HeLa EGFP-G3BP1 stable clones displayed significant formation 
of G3BP1 foci. A representative images from stable clone#12 was depicted in 
Figure 3B. Similarly, the efficiency of these stable clones in forming foci was 
examined. Percentage of cells forming G3BP1 foci within all clones was 
quantified. Results indicate that an average of approximately 65.7% of cells 
displayed G3BP1 foci formation in each clone  [Figure 3C (lower)]. These results 
demonstrate that all selected HeLa EGFP-G3BP1 stable clones responded 
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2.1.4 IFN-β signalling is normal in all HeLa EGFP-G3BP1 stable clones.  
Since I have interest to use these cells for the study of innate immunity, I further 
confirmed that the host innate immune response in these stable cells was not 
affected. To verify this, all HeLa EGFP-G3BP1 stable clones were “mock” 
treated or infected with NDV for 12 hours, and determined the induction of IFN-β 
mRNA through RT-qPCR. Results indicated that comparable amount of IFN-β 
mRNA induction was observed in all stable clones (Figure 3D) when compared 
to parental cells. Hence, these results imply that the interferon signalling in all 
these stable clones are responded normally after viral infection.  
 
In addition, no retardation in cell growth and no significant of cell death was 
observed among all these stable clones. Collectively, all the selected HeLa EGFP-
G3BP1 stable clones could behave normally and I have chosen clone#18 for my 
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2.2      Both RNA and DNA viral infection induces G3BP1 to displayed three 
subcellular redistribution patterns  
 As described in the Chapter 1, Section 1.6, we are interested in the modulation of 
SGs by various types of viruses. Soon after the establishment of HeLa EGFP-
G3BP1 stable cells, I further examined the dynamism of SGs after infection with 
both RNA and DNA viruses. Real-time monitoring provided us the advantage of 
visualizing the modulation of SG in time-lapse, covering the entire framework—
start from viral entry up to the edge of progressive replication. Imaging was 
immediately initiated after 1 hour post infection, with images captured every 10 
mins. Result indicated that HeLa EGFP-G3BP1 WT stable cells started to display 
G3BP1 redistribution at an average time range of 5-6 hours post-infection. Small 
granules start to form, and gradually being assemble and fused to a bigger granule. 
Results also indicated that positive strand viruses of Picornavirus family such as 
PolioV and EMCV tend to form SGs at a much earlier time point (≈ 4 hours) 
when compared to other RNA and DNA viruses. Strikingly, different viruses tend 
to induce different modes of G3BP1 redistrubution patterns. Results from 
quantification of cells with SG formation demonstrated that I could classified the 
aggregation patterns into three distinct forms, namely—stable formation, transient 
formation and alternate formation (Figure 4A). Cells infected with NDV (Figure 
4B), IAVΔNS1 (Figure 4D), and Adenovirus type 5 (Figure 4K) showed stable 
SG formation; while EMCV (Figure 4E), SINV (Figure 4F), and PolioV (Figure 
4G) infected cells showed transient SG formation. Only Adeno5ΔE1A infected 
cells displayed alternate SG formation (Figure 4J). I observed no SG formation in 
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cells infected with IAV (Figure 4C), VSV (Figure 4I), TMEV (Figure 4L), and 
SeV (Figure 4H).   
 
Taken together, these results indicate that cellular stress response is initiated after 
viral infection. Real-time monitoring further shed some lights on our 
understanding towards the dynamic nature of SG induced by both RNA and DNA 
viruses, providing instrumental information for further characterization in the 
future. In addition to that, different viruses induce different subcellular 
redistribution pattern of SGs, suggesting that different viruses are modulating SGs 
through different modes. I further focus on EMCV in my subsequent analyses.  
 
2.3 EMCV infection results in the cleavage of G3BP1 through its 3C protease. 
 2.3.1 The transient formation is due to the cleavage of G3BP1   
 
 Results from real-time imaging demonstrated that EMCV induces transient 
formation of SG. I asked what would be the underlying mechanism(s) that 
account for this phenomenon. Previous report indicated that SG was induced but 
dispersed at the later stage after PolioV infection, which is mainly due to the 
cleavage of G3BP1 by its 3C protease (White, J.P. et al. 2007). In my study of 
real-time monitoring using PolioV also displayed similar phenotype (Figure 4G), 
moreover, both EMCV and PolioV belong to the same family of Picornaviridae. 
This prompted me to ask whether the dispersion of SG by EMCV is also due to 
cleavage of G3BP1 by its viral protease. To verify this, I checked the protein 
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expression of G3BP1 at different time-point through western blot. Results 
indicated that G3BP1 was indeed, cleaved after EMCV infection [Figure 5A 
(upper)]. The cleavage produces detectable level of a huge protein fragment 
containing GFP-tagged with molecular weight of approximately 80-kDa after 6 
hours post-infection, with the complete cleavage of EGFP-G3BP1 occurred after 
10 hours post-infection.  
 
 
  2.3.2 Cleavage occurred at C-terminal region of G3BP1 
 
 Since the HeLa stable cells are expressing G3BP1 with GFP-tagged at the N-
terminal region, the production of the huge fragment 80-kDa with anti-GFP 
antibody suggested that the cleavage site is likely to occur at the C-terminal 
region. To test this hypothesis, I utilized an antibody specifically targeting the C-
terminal region of G3BP1. Western blot analysis with this antibody produces a 
smaller fragment of approximately 20-kDa (Figure 6A), which was not found in 
blotting with antibody targeting N-terminal region. This data implied that the 
cleavage of G3BP1 mainly occurred at the C-terminal region (Figure 6B).       
Since the cleavage phenomenon is similar to that of PolioV, I next examined 
whether the cleavage site of EMCV is similar to that of PolioV. To test this, I 
established another cell line which stably expressing FLAG-G3BP1 with single 
point mutation at amino acids position 325, which resist to cleavage by PolioV 3C. 
As depicted in Figure 5A (lower), no cleavage fragment of FLAG-G3BP1 was 
observed throughout the western blot analysis at different time points. This result 
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demonstrates G3BP1 is cleaved, with position (Q325) similar to PolioV after 
EMCV infection.  
 
 2.3.3 EMCV 3C protease cleaves G3BP1, dispersing SG formation.   
 Based on these similarities, the cleavage of G3BP1 by EMCV infection could be 
also due to its 3C protease. To conclusively verify this, I transiently overexpressed 
vector encoding EMCV 3C protease into HeLa parental cells. Results indicated 
that G3BP1 was indeed, cleaved by EMCV 3C protease [Figure 5B (left), lane 3]. 
Similar cleavage fragment was also observed in EGFP-G3BP1 WT cells but not in 
Q325E mutant cells after expressing EMCV 3C protease construct [Figure 5B 
(right), lane 3 and 6]. Hence, these data conclusively demonstrate that the 
cleavage is indeed, mediates through EMCV 3C protease.  
 
 After confirming the cleavage site and the protease involved, I re-examined the 
SG formation by using HeLa stably expressing EGFP-G3BP1 Q325E mutant 
through real-time monitoring. Comparing to WT, results indicated that Q325E 
mutant cells mainly displayed stable formation SG (Figure 7A-B). The 
percentage of cells showing stable SG formation pattern was quantified and 
presented in a bar graph as shown in Figure 7C. Taken together, all these results 
demonstrate that the transient formation of SG after EMCV infection is mainly 
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2.4 No other SG components are cleaved after EMCV infection  
 As described in previous section, SG entity comprise of other cellular components. 
Dispersion of SG after EMCV infection might due to the cleavage of other 
components. To verify this, I examined the expression level of other SG 
components, which include PABP, TIA-1/R, HuR and PKR. Results indicated that 
neither of these components was cleaved after EMCV infection (Figure 8A). 
These data indicated that the dispersion of SG as observed after EMCV infection 
is solely due to the cleavage of G3BP1.  
 
2.5 G3BP1 is critical to suppress EMCV replication.   
 
 Viruses tend to evolve strategies to evade host immune defence to facilitate their 
replication. Cleavage of G3BP1 by EMCV 3C protease could be also a type of 
such strategy. To examine the effect of G3BP1 cleavage on EMCV replication, I 
used two approached: (i) by measuring the EMCV RNA within the cell cytoplasm 
using RT-qPCR; (ii) by measuring the EMCV virions in the cell supernatant 
through plaque assay. Results indicated G3BP1 Q325E mutant stable cells can 
significantly suppressed the EMCV replication as compared to WT stable cells 
(Figure 9A-B). To further confirm this observation, siRNA targeting human 
G3BP1 was transfected to HeLa parental cells. Endogenous depletion of G3BP1 
significantly potentiates EMCV replication (Figure 9C-D). Taken together, these 
results demonstrate that the core SG component, G3BP1 plays a critical role in 
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2.6 G3BP1 plays an essential role in EMCV-induced interferon production.  
 2.6.1 G3BP1 is dispensable for early phase of IFN-induction.  
 After confirming that G3BP1 contributes to antiviral, I next asked what would be 
the underlying mechanism(s). Interferon systems play a critical role in protection 
against infectious microbes. I asked whether G3BP1 contributes to antiviral 
through IFN system. Since EMCV-induced SG was observed after 4-5 hours post 
infection, I examined the IFN-β mRNA induction at early time points, comparing 
both G3BP1 WT and Q325E mutant cells. Results indicated that no significant 
difference was observed in the kinetics of IFN-β mRNA expression in both WT 
and Q325E mutant cells (Figure 10A). I further test the expression of other 
cytokines and chemokine genes. The kinetics for CXCL10, IL-6 and RANTES 
mRNA expression was not affected as well (Figure 10B-D). This data implies 
that G3BP1 is not essential for the early phase of IFN-β gene induction.   
 
 2.6.2 G3BP1 is critical for the later-phase of IFN-induction.  
 I previously demonstrated that EMCV displayed transient SG formation. SGs are 
induced at the early time points, but dispersed at the later stage. Therefore, I asked 
whether G3BP1 regulates IFN-system at the later time phase of infection. By 
comparing both WT and Q325E mutant cells, I observed a significant inhibition 
of IFN-β mRNA levels in G3BP1 WT when compared with Q325E mutant cells 
after 8 hours post infection. The down regulation of IFN-β gene continues up to 
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16 hours post infection (Figure 11A). In addition, I performed ELISA assay to 
quantify the production of human IFN-β protein. Result indicated that an 
enhancement of IFN-β protein production within the culture supernatant after 24 
hours post infection (Figure 11B). Similar results were obtained when I examined 
the induction level of CXCL10, IL-6 and RANTES mRNA in both WT and 
Q325E mutant cells (Figure 11C-E). Functional analyses by using siRNA 
targeting human G3BP1 consistently confirm this observation (Figure 12A-D). 
Collectively, these results imply that G3BP1 plays a critical role in regulating 
IFN-β gene induction at the later phase of EMCV infection. In agreement with 
these results, persistent IFN-β gene induction as observed in Q325E mutant cells 
also suggested that the down regulation at the later stage is due to cleavage of 
G3BP1 by protease, an evasion strategy by EMCV to survive in cells.     
 
2.7 SG-dependent IFN system was impaired by EMCV 3C, not leader  
 It has been suggested that leader protein of Picornaviruses is the key factor to 
suppress IFN-β production (Pesch, V.V et al. 2001). Moreover, in some recent 
reports using TMEV, a virus belongs to the same genus of “Cardiovirus” as 
EMCV, demonstrated that TMEV leader protein is essential in inhibiting both SG 
formation and TMEV-induced IFN-β production (Borghese, F. & Michiels, T. 
2011; Langereis, M.A. et al. 2013). To clarify the role of EMCV 3C and leader, I 
transiently overexpressed vectors encoding each protein respectively, and monitor 
both SG formation and IFN-β production. Results indicated that overexpressed of 
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EMCV 3C inhibit arsenite-induced SG formation but not leader (Figure 13A). 
Moreover, no cleavage fragment was observed in western blot analysis [Figure 
5B (right), lane 2 and 5]. Simultaneously, I observed a significant inhibition of 
polyI:C-induced IFN-β gene after overexpressing both leader and 3C (Figure 
13B). These data indicated that in the case of EMCV, both leader and 3C impaired 
IFN-β gene activation, but SG formation was not affected by leader, suggesting 
inhibition by 3C mainly affects SG dependent-IFN-β, while inhibition by leader 
could be through a different pathway. 
 
2.8 Sensor for EMCV, MDA5 is recruited to SG.  
 2.8.1 MDA5 is recruited to SG after EMCV infection.  
 Since dispersion of SG impaired EMCV-induced IFN production (Section 2.5). I 
next asked what are the underlying mechanism(s). As reported previously, RIG-I 
is recruited into SG after IAVΔNS1 infection (Onomoto, K. et al. 2012). Since 
EMCV is preferentially recognized by the RLR sensor, MDA5 (Kato, H. et al. 
2005; Kato, H. et al. 2006), I asked whether SG regulates IFN through MDA5. To 
test this, I performed immunostaining analysis and observed the subcellular 
distribution of MDA5 with specific antibody. In order to prevent the dispersion of 
SG, I fixed cells at early time point after infection.  Results indicated that MDA5 
is recruited into SG marker such as G3BP1 and TIAR after EMCV infection 
(Figure 14A-B). Co-staining with propidium iodide (PI) further indicated that 
EMCV dsRNA, which is the ligand for MDA5 activation, are also co-localized 
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with both MDA5 and SG components (Figure 14A-B). These results demonstrate 
that SG modulates IFN system through the recruitment of MDA5 and EMCV 
dsRNA.   
 
 2.8.2 RIG-I expression was not affected in PolioV and EMCV infection. 
 Previous studies indicated that both RIG-I was degraded in both EMCV and 
PolioV infection and hence, down-regulation of IFN system was observed (Barral, 
P.M. et al. 2009). To clarify this, I performed western blotting to examine the 
protein expression of RIG-I. Results indicated RIG-I was not cleaved after EMCV 
(Figure 15A) and PolioV (Figure 15B) infection.  These data indicates that the 
dysfunction of IFN-system as observed after EMCV infection is not due to the 
cleavage of RIG-I as reported previously, but due to the dispersion of SG by 
EMCV protease.    
 
2.9 PKR plays a vital role in both EMCV-induced SG and IFN-β induction.  
 2.9.1 PKR is critical for EMCV-induced SG formation.  
 As described in Chapter 1, Section 1.3, PKR is one of the essential components 
for mediating cellular stress response. Numerous studies have indicated that the 
many viruses induce SG formation by activating dsRNA kinase PKR. To verify 
whether PKR is also essential for EMCV-induced SG formation. I used siRNA 
approach. Two different siRNAs targeting human PKR were transfected into 
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HeLa parental cells and infected with EMCV. Immunostaining was performed to 
monitor endogenous SG formation. Data indicated that EMCV-induced SG 
formation was significantly impaired after depleting PKR (Figure 16A). 
Quantification of cells forming SG comparing both control and PKR siRNA 
transfected cells after EMCV infection was presented in the bar graph (Figure 
16B). Since EMCV infection resulted in G3BP1 cleavage, I asked whether 
cleavage of G3BP1 might affect PKR activation. Data from western blot indicated 
that PKR was phosphorylated after 4 hours post-infection, but was 
dephosphorylated at 12 hours post infection (Figure 16C, lane 2 and 3). The 
dephosphorylation of PKR is corresponded to the cleavage of G3BP1 (Figure 
16C, lane 3). The replication level of EMCV was confirmed by specific antibody 
targeting EMCV 1AB and 1D proteins (Figure 16C, lane3). These data indicate 
the cleavage of G3BP1 by EMCV 3C protease resulted in the dephosphorylation 
of PKR, and hence, dispersing SG formation.  
 
 2.9.2 PKR is essential for EMCV-induced IFN-β gene activation 
 Finally, I examined the effect of PKR on IFN-β gene activation. To test this, I 
quantified the IFN-β mRNA expression levels in PKR depleted HeLa parental 
cells by using RT-qPCR. Results indicated that IFN-β gene induction was 
significantly impaired in PKR depleted cells after EMCV infection (Figure 16D). 
The impairment of IFN-β signalling after polyI:C and IAVΔNS1 infection were 
consistent as we previously observed (Onomoto, K. et al. 2012) and were used as 
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a control in this study. Taken together, these results indicate that PKR plays an 
indispensable role in both EMCV-induced SG formation and IFN-β gene 
activation.   
 


























 The production of type I interferon has always been the major weapon to combat viral 
infection. The engagement of extracellular interferon proteins with transmembrane interferon 
receptors further induces the expression of approximately three hundreds ISGs in 
neighbouring cells, strengthening the host defensive lines. In addition to its well-known 
antiviral functions, one of the ISGs, PKR, also play an essential role in host cellular stress 
pathway. PKR will be activated after detecting dsRNA and induces the formation of a dense 
and non-membranous cytoplasmic foci known as stress granules. Summarized from most of 
the current findings, formation of vSG has been ascribed for both positively and negatively 
regulating viral replication (Emara, M.M. & Brinton, M. 2007; White, J.P. et al. 2007; Qin, Q. 
et al. 2009; Simpson-Holley, M. et al. 2011). However, detailed mechanistic actions are still 
not being sufficiently elucidated. These prompted us to initiate the investigation line to further 





 In this study, I describe about the critical role of virus-induced SG in regulating virus-
induced IFN responses and how viruses evolve strategies to counteract this defensive line. 
Since the formation and assembly process of SG formation could plays an essential role in 
host antiviral response, it is important to understand how different viruses modulate this 
process. From this study, I discovered that viral infection induces three distinct types of SG 
redistribution patterns, namely stable formation, transient formation and alternate formation. 
Viruses such as SeV, IAV and TMEV do not induce SG. It is suggested that SeV RNA trailer, 
NS1 protein of IAV, and the leader protein of TMEV are those which responsible in inhibiting 
SG formation (Iseni F. et al. 2002; Borghese F. & Michiels T. 2011; Onomoto, K. et al. 2012). 
These observations are consistent with the quantification data of my real-time analyses 
(Figure 4B). A recent report utilizing elegant computational study to demonstrate that the 
pattern of alternate formation, in which SG appear, disappeared and re-formed, is mainly 
regulated through the dynamic equilibrium between the host cellular response and viral 
pathogenesis (Ruggieri, A. et al. 2012). However, detail mechanistic actions are still remains 
in cold midst, further clarification is required.  
 
 Previous study has shown that poliovirus, which belongs to the family of 
Picornaviruses, inhibits the formation of cytoplasmic SG in the later stage by cleaving G3BP1 
through 3C protease (White, J.P. et al. 2007). In this study, I observed the similar result of 
transient SG formation through real-time monitoring of PolioV and EMCV infection. Based 
on this information, I speculate that EMCV might display the similar strategy as PolioV in 





of G3BP1 cleavage fragment. This cleavage fragment was detected at the lower level at the 
early time point of infection (≈ 4 hours), and gradually appeared as infection prolongs. The 
complete cleavage fragment is observed at the later stage of post-infection (≈ 10 hours). This 
data is consistent with my observation in imaging analyses, in which SG is induced at the 
beginning time point and dispersed at the later phase after EMCV infection. By using the 
Q325E stable mutant cells and overexpressing the plasmid encoding EMCV 3C system, I 
confirmed that G3BP1 is cleaved by EMCV 3C protease at position of Q325, which is 
locating at the C-terminal region. On going viral replication is necessary for the accumulation 
of viral protease, which accounts for the cleavage at the later phase.  
 
 It is suggested that another Picornaviruses, TMEV, which belongs to the sub-genera of 
Cardioviruses, inhibit SG formation through leader protein (Borghese, F. & Michiels, T. 
2011). Since EMCV also belongs to the same sub-genera as TMEV, I tested EMCV leader 
protein through overexpressing system. Surprisingly, arsenite-induced SG formation was not 
impaired, indicated that the dispersion of SG formation is solely due to the cleavage by 
EMCV 3C protease. Interestingly, in another recent study using coxsackievirus (CVB3) also 
demonstrated that SG formation was inhibited through a similar mechanism (Fung G. et al. 
2013), suggesting that the similar strategy is used by some positive strand viruses to evade 
cellular stress response.   
 
 Pro-viral and anti-viral characteristics are often being ascribed to the functions of vSG. 





stable cells. This data is also consistent with siRNA depletion analyses, indicating that SG is 
critical to block EMCV replication. In the similar Q325E mutant stable cells system, I also 
observed the enhancement of IFN-β production at the later stage after EMCV infection. 
Endogenous depletion further confirmed this observation. This data suggest that the observed 
enhanced of EMCV replication is mainly due to the blockage of IFN-β signalling. This also 
indicated that G3BP1 is essential for EMCV-induced IFN-β, exhibiting the similar functions 
as observed in IAVΔNS1 infection (Onomoto, K. et al. 2012). It is suggested that the EMCV 
degrades RIG-I, and subsequently impaired the IFN-β production (Barral, P.M. et al. 2009). 
However, I do not observe these cleavages in my study (Figure 15), excluding the possibility 
that the impairment of EMCV-induced IFN-β signalling is due to the degradation of RIG-I. In 
non-infected state, the RIG-I antibody used by Barral et al. detects un-cleaved RIG-I at the 
molecular weight of approximately 60 kDa, however, it is well characterized that the actual 
molecular size of RIG-I is approximately 117 kDa (Takahasi, K. et al. 2008). Therefore, 
whether the RIG-I antibody used by Barral et al truly detects the genuine RIG-I protein still 
remained to be clarified. Moreover, previous analysis with RIG-I deficient fibroblast cells still 
showed robust IFN-β production in response to EMCV infection (Kato, H. et al. 2006), 
indicating that RIG-I is dispensable for EMCV-induced IFN-β signalling.  
 
 What would be the underlying mechanism on how SG modulating EMCV-induced 
IFN-β signalling? I found that SG modulates EMCV-induced IFN-β signalling by recruiting 
it’s specific sensor MDA5 to SG. Moreover, as observed with the presence of dsRNA stained 





concentrations of this sensor within the condensed foci, which is likely that account for a more 
efficient PAMPs detection, and hence, facilitates a more persistent activation of IFN-β 
signalling at the later time point. However, it is suggested that EMCV produces high-
molecular RNA web, which is responsible for MDA5 activation (Pichlmair, A. et al. 2009). 
Therefore, it remains to be determined whether this RNA web can be found in SG. 
Furthermore, I also clarified that EMCV-induced SG is absolutely dependent on PKR, as 
deletion of PKR significantly abrogates EMCV-induced SG formation and IFN-β production. 
Although EMCV leader does not affect SG formation, but it’s overexpression still suppressed 
IFN-β, suggesting that leader protein of cardioviruses could function similarly, or the 
inhibition occurred through non-SG dependent pathway. Taken together, all the data above 
suggest that EMCV infection induces SG formation at the early stage, SG assembly further 
recruits the RNA sensor MDA5 and concentrated this protein within a condensed foci, 
enhances the detection of dsRNA, which facilitates higher production of IFN-β production. 
However, prolong EMCV replication accumulates sufficient amount of viral protease 3C, 
which cleaves G3BP1, dispersed SG and hence, inhibiting the IFN-β production. Highlighting 


















4.1       Viruses and plasmids constructs  
Viruses used in this study includes Vesicular stomatitis virus (VSV; Indiana 
strain), Encephalomyocarditis virus (EMCV), Sindbis virus (SINV), Theiler’s 
Murine encephalomyelitis virus (TMEV; GDVII strain), Poliovirus (PV; 
Mahoney strain), Adenovirusese (Strain type 5), Newcastle disease virus (NDV; 
Miyadera strain), Sendai virus (SeV; Cantell strain), and Influenza A virus with 
deletion of the NS1 gene (IAVΔNS1; strain A/Puerto Rico 8/34). VSV, PV, 
EMCV, adenoviruses and TMEV were propagated by using an IFN non-
producing cells, BHK21. After infection at a multiplicity of infection (MOI) of 1, 
BHK21 cells were incubated at 37°C for several days until all cells were 
confirmed die. Cell culture medium containing newly propagated viruses were 
collected and subjected to centrifugation at the speed of 1,500 rpm for 5 min to 




plaque assay to determine the viral titer.  Viruses like NDV, SeV and IAVΔNS1 
were propagated in the allantoic cavities of embryonated chicken eggs. All viruses 
stock were store at -80°C, and the infection work were performed in the UV-
sterile bench with Biosafety Level 2, following protocols and guidelines as 
designated by Kyoto University. 
Expression vector encoding stress granule marker, EGFP-tagged Ras-Gap SH3 
domain-binding protein 1 (pEGFP-G3BP1; NCBI RefSeq accession no: 
NM_005754) was kindly provided by Dr. Jamal Tazi (Institute de Génétique 
Moléculaire de Montpellier, France) (Tourrière H et al. 2003). Plasmid constructs 
encoding EMCV Leader protein (pF-Leader) and 3C proteases (pF-3C) were 
kindly provided by Dr. A.C Palmenberg (Institute for Molecular Virology, 
University of Wisconsin-Madison). The mutant expression vector pEGFP-G3BP1 
Q325E (amino acid changed from glutamine to glutamate) was generated by site-
directed mutagenesis, under the standard protocols as recommended by the KOD-
Plus mutagenesis kit (Toyobo, Japan).  The construct was then sequenced to 
verify the presence of the mutation.  
 
4.2 Generation of HeLa cells stably expressing fluorescent-tagged SG marker  
HeLa cells stably expressing stress granule marker, expression vectors pEGFP-
G3BP1 wild-type (WT) and pEGFP-G3BP1 Q325E mutant were linearizing by 
using the restriction enzyme ApaL1 (Takara, Japan). The linearization was 




plasmids were then excised out from the gel and purified through phenol-
chloroform. The linearized plasmids were then transfected into normal HeLa cells 
by using FuGENE6 (Promega, USA) according to manufacturer’s instructions. 
Transformants were then selected by adding 1 mg/mL of selection marker 
neomycin in the culture medium. Individual colonies were selected and 
characterized. Both cells were maintained in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum 
(100 U/mL; Nacalai Tesque, Japan) and antibiotics penicillin-streptomycin (100 
µg/mL; Nacalai Tesque, Japan), and incubated at 37°C.   
 
4.3       Live cell imaging and immunofluorescence analysis 
For the immunofluorescence experiments, cells were either plated in 8-well glass 
chamber or 12-well plate. After subjected to various treatments such as 
transfection or viral infection, cells were fixed with 4% of paraformaldehyde 
(PFA) at RT for 10 min, followed by permeabilization with acetone-methanol 
(1:1) for 1 min at RT, and blocked with 5 mg/mL in PBST containing 0.1% 
Tween 20 for 1 h at 4°C. Primary antibodies were added into the samples and 
incubated at 4°C for overnight. The cells were then incubated by fluorophore-
conjugated secondary antibodies (Invitrogen) at 4°C for 1 h. Cells were then 
washed and nuclei were stained with 4,6-dimaidino-2-phenylinodole (DAPI) for 5 





For live-cell imaging experiment, HeLa cells stably expressing green fluorescence 
tagged-G3BP1 plated in 12-well plates were infected with various types of RNA 
and DNA viruses. After 1 h post-infection, medium containing viruses was 
removed and 1.0 mL of phenol red free DMEM imaging medium was added. 
Samples were set into the microscope stage at temperature pre-set to 37°C, 
supplemented with 5% of carbon dioxide in a humidity-controlled chamber.  
Imaging was initiated immediately with images captured every 10 min. All live-
cell imaging experiments were performed by using Leica model CTR 6500.    
 
4.4 Plaque assay  
Both HeLa cells stably expressing EGFP-G3BP1 wild-type and Q325E mutant 
were infected with EMCV at a specific time point. The cell supernatant was 
collected and serial dilution was performed.  These diluted supernatants were then 
added to L929 cells and incubated at 37°C for one hour. Supernatants containing 
viruses were removed and 0.5 mL of 1% agar in 2XMEM was added immediately, 
and incubated at RT until all agarose was confirmed hardened. The plates were 
then incubated at 37°C for overnight for plaques to grow. On the next day, 0.5 mL 
of 0.02% neutral red solution was added to each well and incubated at 37C for 2h. 







4.5 Enzyme-linked immunosorbent assay (ELISA)    
Supernatant of infected cells were collected and subjected to ELISA analysis 
using kit specifically for human interferon-β (Toray, Japan). All procedures were 
performed according to the manufacturer’s instructions.  
 
     
4.6 RNA analysis  
All RNA in these studies was harvested from cells using TRIzol (Invitrogen) by 
following the protocols recommended by the manufacturer. Samples were then 
treated with recombinant DNase I (10 units/µL, Roche) to remove the DNA. 
Samples were further purified through phenol-chloroform extraction. 
Concentration of purified RNA was quantified and the quality was examined on 
agarose stained with ethidium bromide. cDNA was then synthesized by using 
High Capacity cDNA reverse transcription kit (Applied Biosystems), following 
the protocols as recommended by manufacturer. cDNA samples were then 
subjected to either standard PCR reaction or real-time qPCR analysis. Primers 
used for standard PCR or real-time qPCR involving SYBR system (Applied 
Biosystem) were all customized and purchased from Invitrogen. Specific probes 
being used for TaqMan gene expression assay were purchased from Applied 
Biosystem.  
 
For siRNA analysis, the siRNA universal negative control, siG3BP1and siPKRs 




using either RNAiMax or Lipofectamine2000 (Invitrogen) by following 
manufacturer’s instructions. After 48 h post-transfection, cells were subjected to 
various treatments such as virus infection or PolyI:C transfection. The sequences 
for the siRNAs and shRNAs are as follows (#n, designated siRNA number):  
Sense (RIG-I):  
5’-CGGAUUAGCGACAAAUUUAUU-3’  
Anti-sense (RIG-I):  
5’-UAAAUUUGUCGCUAAUCCGUU-3’      
Sense (PKR#1):  
5’-UUUACUUCACGCUCCGCCUUCUCGU-3’  
Anti-sense (PKR#1):  
5’-ACGAGAAGGCGGAGCGUGAAGUAAA-3’  
Sense (PKR#2):  
5’-AUGUCAGGAAGGUCAAAUCUGG-3’  














4.7  Immunoblotting analysis 
For protein analysis, cells were harvested in ice-cold PBS and subjected to 
centrifugation to precipitate the lysates. PBS was removed and 100 µL of ice-cold 
NP-40 lysis buffer containing 1mM of leupeptin, 1 nM of vanadate and 
phenylmethanesulfonyl fluoride was added. Lysates were completely re-
suspended and subjected to centrifugation at 15,000 rpm for 10 min and 
ultracentrifugation at 100,000 rpm for 5 min. The supernatant was recovered and 
concentration of protein was quantified through Bradford assay. After boiling for 
5 min, protein lysates were separated by SDS-PAGE and transferred onto a 
nitrocellulose membrane. The membranes were then blocked with 5% skim milk 
at RT for 30 min, followed by incubation with primary antibody at 4°C overnight. 
Membranes were washed with TBST and incubated with secondary antibody at 
4°C for 1 h. The proteins were visualized through colour development involving 




4.8 Antibodies  
The RIG-I antibodies were made by immunizing a rabbit with a synthetic peptide 
corresponding to the region 793-807 of RIG-I. Anti-EMCV polyclonal antibody 
was generated after immunizing a rabbit with purified EMCV viral particles, 
while anti-MDA5 polyclonal antibodies were generated after immunizing a rat 




stranded RNAs. Other antibodies used in these analyses include rabbit 
monoclonal anti-phospho-PKR pT446 (1:1000) (Epitomics Inc.), rabbit 
polyclonal anti-PKR (1:1000) (sc-709; Santa Cruz), mouse monoclonal anti-
G3BP1 (1:1000) (sc-365338; Santa Cruz), goat polyclonal anti-G3BP1 (1:500) 
(sc-70283; Santa Cruz), mouse monoclonal anti-GFP (1:500) (MBL), mouse 
monoclonal anti-FLAG (1:1000) (Sigma-Aldrich), rabbit monoclonal anti-actin 
(1:5000) (Poly6221; BioLegend), mouse monoclonal anti-poly(A) binding protein 
(PABP) (1:1000) (ab6125; Abcam), propidium iodide (PI) (1:2000 fold dilution in 
PBST) (Miltenyi Biotec), rabbit polyclonal anti-HuR (1:1000) (sc-365816; Santa 
Cruz), goat polyclonal anti-TIAR (1:1000) (sc-1749; Santa Cruz), and the rabbit 
polyclonal anti-TIA-1/R (1:1000) (sc-48371; Santa Cruz).  
 
   
4.9 Quantification for the re-distribution pattern of virus induced stress-granule 
 Quantification of stress granule distribution pattern was performed visually by 
using eyesight counting. Video media files of live-cell imaging were continuously 
played back on the computer and total number of cells displaying each unique 
pattern was recorded manually, and the percentage for each pattern was calculated. 
As for the quantification of the fixed cells, ten different locations within a sample 
were chosen randomly. Total number of cells forming SG was calculated and 
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1As noted from existing publications 
Table 1    Three distinct distribution patterns of vSG after infected by both 
  RNA and DNA viruses.   
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FIG 1.    Schematic model for RLR family members. 
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FIG 2.    Schematic diagram of RLR-mediated interferon signalling.  
HeLa WT	 HeLa EGFP-G3BP1	

























































































FIG 3. Generation and functional characterization of pEGFP-G3BP1 HeLa transduced cells  	
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FIG 5. Cleavage of G3BP1 results in transient formation of SG after EMCV infection	
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FIG 10. IFN-β and other chemokine genes expression were not affected at the early phase in both   
 G3BP1 WT and Q325E mutant cells. 	
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FIG 11. Cleavage of G3BP1 impaired the IFN-β production and the activation other chemokine genes  
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FIG 12. Endogenous depletion of G3BP1 attenuated the activation of IFN-β and chemokine genes  
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FIG 15. RIG-I expression remains intact after EMCV and PolioV infection. 	
Note: 
S-A: Mock with shRIG-I 
S-B: Mock infection 
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Table No.             
1.0 Three distinct distribution patterns of vSG after infected by both RNA and DNA 



































Figure No.            
1.     Schematic model for RLR family members. 
RIG-I, MDA-5 and LGP2 share a typical DEAD box helicase domain containing 
ATPase activity, which is essential for the binding of dsRNA. At the N-terminal 
region, both RIG-I and MDA-5 possess CARDs, which will bind to the CARD 
found in the N-terminal region of their signalling adaptor, IPS-1, through 
homotypic interaction. CARD is found in LGP2. The RD region located within the 
C-terminal domain of RIG-I and LGP2 are involved in autoregulation.  
 
2.  Schematic diagram of RLR-mediated interferon signalling.  
Under uninfected state, inactive RIG-I will remain in a closed conformation. After 
viral infection, engagement of RIG-I with the viral 5’ppp and dsRNA will trigger 
its conformation changed, exposing its CARD domain to form the CARD-CARD 
homotypic interaction with IPS-1, followed by the recruitment of other signalling 
components to form a large “signalosome” complexes and eventually produce IFN. 
Secreted mature IFN proteins will bind with its receptors and induce the 
expression of ISGs through JAK-STAT pathway.  
 
3. Generation and functional characterization of pEGFP-G3BP1 HeLa 
transduced cells.          
(A) Four independent clones of HeLa EGFP-G3BP1 were screened out and 
examined for expression by using confocal microscope and FACS sorting.  
(B) HeLa EGFP-G3BP1 clone#12 was either mock treated, or stimulated with 
indicated viruses or arsenite. Cells were fixed with 4% PFA and stress granule 
formation was examined by using confocal miscroscope.  
(C) Four independent clones of HeLa EGFP-G3BP1 transduced cells were either 
arsenite treated for 1 h, or infected with NDV for 9 h. Cells were fixed and the 
percentage of cells with SG formation were quantified.  
(D) HeLa wild-type and HeLa EGFP-G3BP1 transduced cells were infected with 
NDV for 12 h. RNA was harvested and the expression of IFN-β mRNA was 
quantified.  
 68 
(All error bars indicate ±S.D. of duplicates) 
 
4. RNA and DNA viruses induce three distinct patterns of stress granule 
redistribution.           
(A) Representative montage of images for classification of stable formation, 
transient formation, and alternate SG formation.    
(B-L) HeLa EGFP-G3BP1 stable cells were infected with NDV, IAV, IAVΔNS1, 
EMCV, SINV, PolioV, SeV, VSV, Adeno5ΔE1A, Adeno5WT, and TMEV 
for 1 h. Imaging was initiated immediately and percentage of cells with 
distinct SG formation patterns were quantified.  
(Error bars represents the ±S.D. n=3; N.D.=non-detected; **P<0.005; *P<0.05)  
 
5. Cleavage of G3BP1 results in transient formation of SG after EMCV 
infection.            
(A) HeLa EGFP-G3BP1 (upper) and FLAG-G3BP1 Q325E mutant (lower) stable 
cells were infected by EMCV (MOI: 10) and protein was harvested at 
different indicated time point. Western blot analysis was performed to analyze 
the cleavage with indicated antibodies.      
(B) (Left) HeLa cells were transfected with an empty vector, expression vector for 
EMCV leader, or 3C protease. After 48 h of incubation, protein was harvested 
and analyzed for endogenous G3BP1 cleavage through immunoblotting. 
(Right) Empty vector and expression vector for EMCV 3C and leader protein 
were transfected into HeLa EGFP-G3BP1 WT and Q325E mutant stable cells. 
After 48 h of incubation, protein was harvested and the cleavage of G3BP1 
was analyzed through immunoblotting.  
   
6. EMCV 3C protease targets C-terminal region of G3BP1.     
(A) HeLa cells were mock treated or infected with EMCV (MOI:10). Protein was 
harvested at the different indicated time point. Western blot was performed 
with antibody specifically targeting C-terminal portion of G3BP1.  




7. HeLa EGFP-G3BP1 Q325E mutant transduced cells show persistent 
formation of SG.           
(A and B) HeLa EGFP-G3BP1 WT and Q325E mutant stably expressing cells 
were infected with EMCV (MOI: 10). SG formation was monitored using live-cell 
imaging. Montage series are the selected representative images captured every 40 
min.  
(C) Imaging data obtained for HeLa EGFP-G3BP1 Q325 mutant cells (panel B) 
was further subjected to the quantification analysis for the SG formation pattern.  
 (Error bars represents the ±S.D. for n=3; **P<0.005)    
 
8. Other SG components are not cleaved after EMCV infection.     
HeLa EGFP-G3BP1 WT cells were mock treated or infected with EMCV 
(MOI=10). Cell lysates were harvested at the different indicated time points. 
Western blot was performed and protein levels of various SG components were 
analyzed by using specific antibodies.  
 
9. Dispersion of SGs due to cleavage of G3BP1 potentiates EMCV replication.  
(A) Both HeLa EGFP-G3BP1 WT and Q325E mutant stably expressing cells were 
mock treated or infected with EMCV (MOI: 10). Total RNA was harvested 
and purified. EMCV RNA was quantified using RT-qPCR.  
(B) Both HeLa EGFP-G3BP1 WT and Q325E stably expressing cells were either 
mock treat or infected with EMCV at two different MOIs (MOI=10 or 
MOI=20). Culture medium containing viruses were collected and subjected to 
plaque assay to examine the viral titer.  
(C) HeLa cells were transfected with control siRNA and siRNA targeting human 
G3BP1. After incubation for 48 h, cells were mock infected or infected with 
EMCV (MOI: 10). After 12 h, total RNA was harvested and purified. EMCV 
RNA was quantified using RT-qPCR.  
(D) HeLa cells were transfected with control siRNA and siRNA targeting human 
G3BP1. After incubation for 48 h, cells were either mock or infected with 
EMCV at two different MOIs (MOI=10 or MOI=20). Culture medium 
containing viruses were collected and subjected to plaque assay to examine 
the viral titer.  
 70 
(Error bars represents ±S.D. n=2) 
 
10. IFN-β and other chemokine genes expression were not affected at the early 
phase in both G3BP1 WT and Q325E mutant cells.     
Both HeLa EGFP-G3BP1 WT and Q325E mutant stable cells were either mock 
treated or infected with EMCV (MOI: 10). Total RNA was harvested and purified 
at indicated time points. Expression level for (A) IFN-β, (B) CXCL 10, (C) 1L-6, 
and (D) RANTES mRNA was examined.  
(Error bars represents ±S.D. n=2) 
 
11. Cleavage of G3BP1 impaired the IFN-β production and the activation  
of other chemokine gene after EMCV infection.       
(A) Both HeLa EGFP-G3BP1 WT and Q325E mutant stable cells were either  
mock treated or infected with EMCV (MOI: 10). Total RNA was harvested  
and purified at indicated time points. Expression level for IFN-β mRNA was 
examined using RT-qPCR approach.  
(B) Both HeLa EGFP-G3BP1 WT and Q325E mutant stable cells were either  
mock treated or infected with EMCV (MOI: 10). After 24 h of incubation,  
cell culture supernatant was collected and subjected to enzyme-linked 
immunosorbent assay for human IFN-β.  
(C-E) Both HeLa EGFP-G3BP1 WT and Q325E mutant stable cells were either 
mock treated or infected with EMCV (MOI: 10). Total RNA was harvested and 
purified at indicated time points. Expression level for (C) CXCL10, (D) 1L-6, and 
(E) RANTES mRNA was examined.  
            (Error bars represents ±S.D. n=2, **P<0.005, *P<0.05) 
 
12. Endogenous depletion of G3BP1 attenuated the activation of IFN-β and other 
chemokine gene expression after EMCV infection.     
HeLa cells were transfected with control siRNA or siRNA targeting human 
G3BP1. After incubation for 48 h, cells were either mock or infected with EMCV 
(MOI=10). Total RNA was harvested and purified at the indicated time points and 
expression for (A) IFN-β, (B) RANTES, (C) CXCL10, and (D) 1L-6 mRNA was 
examined by using RT-qPCR approach.  
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(Error bars represent ±S.D. n=2, *P<0.05)  
   
13. EMCV 3C, but not leader inhibits SG-dependent IFN-β production.    
(A) HeLa EGFP-G3BP1 cells were transfected with empty vector, vector encoding 
EMCV leader and 3C protease. After 48 h, cells were treated with arsenite for 
30 min. Cells were fixed and stained for the indicated protein. Nuclei were 
stained with DAPI. Images were obtained through confocal microscope.  
(B) HeLa cells were transfected with empty vector, expression vector for EMCV 
leader and 3C protease. After 48 h, cells were either mock or polyI:C 
transfected. After 12 h, total RNA was harvested and purified. Expression of 
IFN-β mRNA was examined.  
   
14. MDA5 are co-localized with SG components after EMCV infection.   
HeLa cells were infected with EMCV (MOI=10). Cells were fixed with 4% PFA 
and both stained for MDA5, PI and (A) G3BP1, (B) TIAR. Nuclei were stained 
with DAPI. Samples were analyzed by using confocal microscope.  
 
15. RIG-I expression remains intact EMCV and PolioV infection.     
(A) HeLa cells were mock treated or infected with EMCV (MOI=10). Protein 
lysates were harvested at indicated time points and analyzed for endogenous 
RIG-I expression.  
(B) HeLa cells transfected with short-hairpin RIG-I and HeLa parental cells were 
either mock treated or infected with PolioV. Protein lysates were harvested 
and analyzed for endogenous RIG-I cleavage.  
 
16. PKR is critical for EMCV-induced SG and IFN-β gene activation.   
(A) HeLa cells were transfected with control siRNA or siRNAs targeting human 
PKR. After 48 h of incubation, cells were either mock treated or infected with 
EMCV (MOI=10) for 6 h. Cells were fixed and stained with indicated 
proteins. Samples were observed under confocal microscope.  
(B) Samples from panel (A) were analyzed for the total number of cells which 
shows SG formation.  
(C) HeLa cells were mock treated or infected with EMCV (MOI=10). Protein 
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lysates were harvested at indicated time points and were subjected to western 
blotting analysis by using specific antibodies.  
(D) HeLa cells were transfected with control siRNA or siRNA targeting human 
PKR. After 48 h of incubation, cells were either mock treated or stimulated 
with indicated treatments. Total RNA was harvested and purified. Expression 
level of IFN-β mRNA was determined.   
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